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NASA TT F-10,025 

INFRARED SPECTROPHOTOMETRY OF THE MOON AND THE GALILEAN 
SATELLITES OF JUPITER 

%I1287 

V.1 .Moroz 

Spectra of s e l ec t ed  areas of t h e  Moon have been obtained with 

a pr ismatic  i n f r a r e d  spectrometer and t h e  125 cm r e f l e c t o r .  

The s p e c t r a l  region 0.8 - 3.8 c1, with a dispers ion h/Ah of 20 

( a t  1.6 P )  t o  80 ( a t  3.4 P)  was studied.  

albedo with wavelength, a t  l e a s t  up t o  2.2 k ,  i s  approximately 

i d e n t i c a l  f o r  a l l  t h e  inves t iga ted  a reas ,  which inc lude  maria, 

cont inents  and b r igh t  c ra te rs .  

volcanic a s h  and s l a g  show a s i m i l a r  dependence of albedo on 

wavelength. 

i n  t h e  3 - 4 p region. 

derived from t h e  thermal excess i s  395'. 

and t h e  125 cm and 260 cm r e f l e c t o r s  were used f o r  observa- 

t i o n s  of t h e  spec t r a  of t h e  Gal i lean s a t e l l i t e s  i n  t h e  0.8 - 

2.5 k region. 

t a i l s  c h a r a c t e r i s t i c  of t h e  r e f l e c t i o n  spectrum of a snow layer .  

The inc rease  of 

Among t e r r e s t r i a l  ma te r i a l s  

The contr ibut ion o f  thermal r ad ia t ion  i s  e s s e n t i a l  

The temperature of t h e  subsolar  po in t  

The same spectrometer 

The recordings of Europa and Ganymede show de- 

Dif f r ac t ion  and pr i smat ic  spec t ra  of t h e  moon were recorded by t h e  author  

i r  1961 - 1964 at  numerous occasions,  as  comparison spec t r a  during observat ions 

of t h e  p l a n e t s  (Bibl.1,  2, 3). 

s p e c i a l  series of observat ions was car r ied  out  on t h e  125-cm r e f l e c t o r  of t h e  

Southern S t a t i o n  of t h e  GAXSh (Shternberg S t a t e  Astmn. h s t i t t l t e )  i n  t h e  

On October 2 - 3, 1963 during f u l l  moon, a 

9 Numbers i n  t h e  margin i c d i c a t e  pagicat ion i n  t h e  o r i g i n a l  f o r e i p ,  text. 
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0.8 - 3.8 p s p e c t r a l  region, using a pr ismatic  i n f r a r e d  spectrophotometer and a 

0.5 x 0.5-mm lead  s u l f i d e  photoconductive de t ec to r  cooled by l i q u i d  nitrogen. 

The purpose of t hese  observat ions was to  compare t h e  spectrophotometric proper- 

t i e s  of s e l ec t ed  a reas  of t h e  luna r  surface i n  t h e  i n f r a r e d  region. The width 

i n 
Fig.1 Lunar Spectrum i n  the  0.6 - 3.6 w Region 

(October 2-3, 1963) 
1 - Tycho; 2 - Mare S e r e n i t a t i s ;  3 - Comparison 
spectrum (sun). ZTE, p r i s m  spectrometer ( L i t ) ,  
s l i ts  1 mm (Ah z 0.09 P) ,  recording speed 7 0 d / s e c  

2.8 - 3.6 w region was enlarged by a f a c t o r  of 9 
f o r  t h e  moon and by 60 f o r  t h e  sun. 

( a t  1.6 w),  7 = 2.2 sec. Recording of t h e  

\ 
'1 b 

I 
i 
I I 

Fig.2 Lunar Spectrum i n  t h e  8 - 11 w Region, 
Average of  Four Recordin s (June 30, 1964) 

a - Moon; b - Nodulator emission; c - Sun 
ZTE, prism spectrometer (NaC1  7 , slits 1 mm (Ah 0.2 p ) :  

of  t h e  en t rance  and e x i t  s l i t s  was 1 mm, which corresponds t o  a s p e c t r a l  reso- 

l u t i o n  of about 0.09 p c l o s e  t o  1.6 p ,  and of 0.045 CL c lose  t o  3.5 w;  t h e  height  

of  t h e  en t rance  s l i t  was 2 mm. The angular dimensions of t h e  er,trance s l i t  were 

2 



11 X 22". Samples of t h e  o r i g i n a l  recordings a r e  shown i n  Fig.1. The 3 - 4 CL 

Caucesus 
W e i u  
bisre S e r e n i t e t i e  
Mere Nubium 
Sun 

region was recorded at  a magnification 9,l times g r e a t e r  than t h e  0.7 - 2.5 CL 

80 
69 
56 
59 

regior.. These observations were carried out  with a LiF prism. Furthermore, i n  

May - June, 1964 we obtained t e s t  recordings i n  t h e  8 - 11 cb region (Fig.2), 

using a N a C l  prism and a photoconductive d e t e c t o r  made of germanium al loyed with 

z inc  and cooled by s o l i d  nitrogen. I n  all cases  a f l u o r i t e  c o l l e c t o r  was used. 

The guiding accuracy was 2 - 3l'. 

TABLE 1 

- P e n g  t h jL 

I 

I Zenith 
1 Distance 

Reading to Reeding e t  1.6 CI 

et '*' ' O.RG 1.1 

-- 
' 1.6'3 j 2.2 ' 3.0 I .3.)5 I 3.0 1 Object 

1 I I j j I 

I I l l '  I I I 1 ' 1  
I 

0.40 1[.02i 13.032 
0 . 4 2  '0.1328 10.031 

1 

0.3; / O . %  
0.28 i 0.55 

0.26 I 0.87 
0.28 I 0.87 

0.BCI j 0.6i 

, 0 . 4 1  11.30 

i .XI 1 1  1 G.43 0.017 '0.034 10.028 1 
I 1 . i D  ~ 1 .GO 1 0 . 4 3  /0.0?2 /0.040 10.032 

1.101 1.00 G.4i '0.033 13.04i iS.054 
1.03 I 1 .Gb 1 0.41 \0.0S0 IO.G51 10,054 
1 .03 '  1 .OO 0 . 4 2  10.32 1 -- 10.053 1 
1.27 I 1.00 1 0.35 ~0.0088,0.0137;0.007~~ 

49 
47 
47 
43 
59 
60 

On October 2 - 3, w e  observed seven areas  i n  a l l  which are l i s t e d  ir! 

Table 1. Table 1 shows t h e  readings a t  1.6 c1 and t h e  magnitude of  Kx which i s  

t h e  r a t i o  of t he  readings at a given wavelength t o  t h e  reading at 1.6 cb. We 

s e l e c t e d  those p o i n t s  i n  t h e  spectrum a t  which t h e  e f f e c t  of  t e l l u r i c  absorpt ion 

bands was minimal. All observations were c a r r i e d  out i n  a narrow range of a i r  

masses; t h e  cor rec t ions  f o r  transparency of t h e  atmosphere were minimal a t  t h e  

s e l e c t e d  poin ts  of  t h e  spectrum, when comparing t h e  var ious a reas  observed at 

d i f f e r e n t  times, and t h e r e  they were not introduced. 

t h e  observat ions made during f u l l  moon, when t h e  br ightness  of t he  var ious 

p o i n t s  of t h e  disk was proport ional  t o  t h e  albedo (Bibl.4). 

It w a s  e s s e n t i a l  t o  have 

The values of  K i  

3 



f o r  t h e  sun are shown i n  t h e  l a s t  r o w  o f  Table 1. 

An examination of t h e  data  i n  Table 1 y ie lds  t h e  following conclusions: 

1) The br ightness  (and thus a l s o  the  albedo) of t h e  b r i g h t e s t  areas i s  

about twice as grea t  as that of t h e  darkest  areas.  

v i s i b l e  spectrum region (Bibl. 5 )  ; 

The same i s  true f o r  t h e  

, 2) The dependence of  Kx i n  t h e  0.8 - 2.2 c1 region i s  almost t h e  same f o r  

a l l  of t h e  inves t iga ted  a reas :  t h e  br ight  r a t t e r  of t h e  rays and maria and t h e  

dark and br ight  c r a t e r s  have t h e  same color  i n  t h e  0.8 - 2.2 IJJ region; they  dif- 

f e r  only i n  brightness.  It i s  known t h a t  i n  t h e  0.3 - 0.7 P region t h e  color  

Fig.3 Rela t ive  Energy Dis t r ibu t ion  i n  t h e  Lunar 
Spectrum i n  t h e  0.8 - 3.4 w Region 

a - Bright c r a t e r s  (Tycho, br ight  matter next t o  
Tycho); b - Naria (Mare S e r e n i t a t i s ,  Mare Nubium). 

d i f f e r e n c e s  between d e t a i l s  of t h e  lunar  surface a r e  s l i g h t .  Our observat ions 

showed t h a t  this property i s  re ta ined  up t o  2.2 c1. A comparison with t h e  values 

of  K x ,  obtained f o r  t h e  sun, i n d i c a t e s  t h a t  t h e  albedo increases  with wavelength 

i n  t h e  0.8 - 2.2 c1 region. It i s  known t h a t  t he  v a r i a t i o n  i n  albedo w i t h  wave- 

l e n g t h  i n  t h e  0.3 - 0.8 P region has  the  same character .  I n  t h e  0.8 - 1.6 IJ. 

region,  both Mare S e r e n i t a t i s  and Mare Nubium are somewhat redder than t h e  f i v e  

o t h e r  b r i g h t e r  a reas .  However, t h e  difference i s  s l i g h t ,  and t h e  l i m i t e d  na ture  

of  t h e  evidence d id  not permit us t o  judge whether t h i s  i s  typ ica l .  

4 



3) I n  t h e  3.0 - 3.4 P region, t h e  values of Kx f o r  t h e  various a reas  d i f f e r  

s u b s t a n t i a l l y ,  i nc reas ing  on t h e  average with a decrease i n  albedo. 

shows t h e  r e l a t i v e  energy d i s t r i b u t i o n  i n  t h e  l u n a r  spectrum. 

t h a t ,  i n  t h e  3.0 - 3 . 4 . ~  region, thermal r ad ia t ion  of  t h e  moon a l ready  fu rn i shes  

a notable  coc t r ibu t ion .  The temperature of t h e  dark a reas  i s  higher, so t h a t  

t h e  values  of Kx i n  t h e  3.0 - 3.4 P r e g i o n a r e a l s o  g r e a t e r  f o r  these.  

Figure 3 

It i s  apparent 

TABLE 2 

Table 2 shows t h e  average dependence of Kx f o r  a l l  inves t iga ted  a reas  and 

t h e  values  of t h e  average geometric albedo ca lcu la ted  f o r  t h e  same wavelengths, 

assuming p = 0,17 a t  0.8 P. 

same author  gives  t h e  values  o f  t h e  geometric albedo f o r  maria ( p a )  and b r igh t  

This value was obtained by Harris (Bibl.6). The 

c r a t e r s  (per ) ca lcu la t ed  on t h e  assumption t h a t  

A m =  P 0.65; , 

,Pav  

-& = 1.30, 
Pa. 

The same r e l a t i o n s h i p s  were obtained by N.M.Sytinskaya f o r  t h e  v i s i b l e  spectrum 

region (Bibl,5). 

i s  almost i d e n t i c a l  i n  t h e  0.3 - 2.2 p region,  w e  can use eqs . ( l )  and (2)  i n  

Since t h e  co lo r  of t he  maria and of t h e  cont inents  apparent ly  

t h i s  e n t i r e  i n t e r v a l .  

Kuprevich (Bibl.7),  on t h e  bas i s  of t e l e v i s i o n  photographs of t h e  moon ob- 

5 



t a ined  i n  t h e  1 - 2 CL region, drew t h e  conclusion t h a t  t h e  b r igh t  matter of  t h e  

rays has an energy d i s t r i b u t i o n  i n  t h e  i n f r a r e d  region of t h e  spectrum, which 

s u b s t a n t i a l l y  d i f f e r s  f r o m  t h a t  of t h e  o t h e r  d e t a i l s .  Our spectroscopic  observa- 

t i o n s  do not bea r  this out.  

4 

azo. 

4 
A 4a 

“I 
I I A 

7 2 3P 

Fig.4 Geometric Albedo o f  t h e  Moon 
as a Function of Wavelength 

Figure !+ shows t h e  dependence of t h e  geometric albedo of t h e  moon on t h e  

wavelength, over  a wide range from 0.35 t o  2.2 CL [ i n  t h e  0.35 - 0.8 CL region,  

t h e  da t a  by Harris were used (Bibl.6)]. It i s  of  i n t e r e s t  t o  compare t h i s  curve 

wi th  t h e  s p e c t r a l  dependence of t h e  r e f l ec t ion  c o e f f i c i e n t  of t e r r e s t r i a l  rocks. 

We f i n d  t h a t  vo lcanic  lavas ,  b a s a l t ,  and t u f f  g ive  approximately a n e u t r a l  de- 

pendence of t h e  br ightness  coe f f i c i en t  on wavelength i n  t h e  l - 2.5 CL region. 

Volcanic ash  ar,d s c o r i a  exh ib i t  a systematic i nc rease  of t h e  br ightness  coef- 

f i c i e n t  wi th  wavelength. 

l i e s  i n  t h e  l u n a r  spectrum (Fig.!+), i s  dupl ica ted  i n  t h e  spectrum o f  volcanic  

a s h  and s c o r i a  (Fig.5). 

I 

The c h a r a c t e r i s t i c  absorp t ion  component a t  1 CL, which 

It i s  curious t h a t  t h e  po la r i za t ion  curves o f  t h e  moon 

6 
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coincide w e l l  wi th  those of volcanic  ash (Bibl.8). Similar  comparisons have re- 

peatedly been made i n  t h e  p a s t ,  based on t h e  color imetr ic  and spectrophoto- 

metr ic  da t a  i n  t h e  v i s i b l e  and photographic regions of t h e  spectrum [see, f o r  

example, (Bibl.9)]. Broadening of t h e  s p e c t r a l  range s u b s t a n t i a l l y  enhances 

this method but i t s  r e l i ab i l i t y  i s  no t  high, even i n  t h i s  case. F i r s t ,  i den t i -  

f i c a t i o n  of t h e  chemical composition of materials i n  t h e  s o l i d  phase can r a r e l y  

be done without ambiguity from r e f l e c t i o n  spec t r a  i n  t h e  v i s ib le  and near- 

i n f r a r e d  regions.  Very o f t en ,  d i f f e r e n t  materials produce similar spectra .  The 

narrower t h e  inves t iga t ed  region, t h e  g r e a t e r  t h e  p r o b a b i l i t y  of a chance coin- 

cidence. Second, i n  observations o f  the  moon, averaging over l a r g e  areas t a k e s  

Fig. 5 Brightness Coeff ic ient  of Volcartic Ash 
as a Function of Wavelength 

1 - Light-colored ash from t h e  Apokhonchich 
lava flow; 2 - Volcanic sand from Klyuchevskaya 

volcano. The brightness c o e f f i c i e n t s  are 
measured r e l a t i v e  to  a magnesium screen. 

p l a c e  ( i n  our  case ,  about 40 x 80 km),  whereas i n  t h e  l abora to ry  small specimens 

are  used. Third,  t h e  conditions t o  which lunar and t e r r e s t r i a l  rocks a r e  sub- 

j e c t  d i f f e r  widely. Lunar rocks a re  exposed t o  corpuscular fluxes, u l t r a v i o l e t  

r a d i a t i o n  from t h e  sur?, acd extreme temperature f luc tua t ions .  

A more o r  l ess  r e l i a b l e  i d e n t i f i c a t i o n  of t h e  chemical nature  of c rys t a l -  

? 
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l i n e  materials can be made on t h e  bas i s  of t h e  p o s i t i o n  o f  t h e  in t ense  bands 

corresponding t o  t h e  fundamental frequencies of t h e  n a t u r a l  o s c i l l a t i o n s  of t h e  

c r y s t a l  l a t t i c e .  A t  fundamental frequencies,  c r y s t a l s  produce a sharp i n c r e a s e  

of t h e  r e f l e c t i o n  f a c t o r  (and thus  a decrease of t h e  emission c o e f f i c i e r h )  i n  

an  i n t e r v a l  of 1 - 2 P width. 

l o c a t i o n  i n  t h e  emission spectrum. 

( B i b l e l o ) ,  Van Tassel and Sal isbury (Bibl.11) demonstrated, however, t h a t  /1291 

t h e  qua r t z  band a t  9 14 almost disappears when t h e  ma te r i a l  i s  i n  a f i n e l y  di- 

vided phase ( p a r t i c l e s  measuring several microns). 

An absorption band should be observed a t  t h i s  

I n  t h e  case of S i & ,  this band i s  a t  9 IJ. 

The emission spectrum o f  t h e  moon i n  t h e  8 - 11 k r eg ioc  ( s e e  Fig.2) shows 

no absorpt ion components. 

s i l i c a t e  rocks on t h e  moon, t h e  only poss ib l e  conclusion i s  t h a t  t h e  su r face  

layer  of t h e  moon, r e spons ib l e  f o r  t h e  i n f r a r e d  t h e m 1  r a d i a t i o n ,  has a f i n e l y  

crushed s t r u c t u r e  of t h e  d u s t  o r  pumice type. 

thermal conduct ivi ty  of t h e  lunar rocks independently i n d i c a t e  such s t r u c t u r a l  

c h a r a c t e r i s t i c s  of t h e  s u r f a c e  l a y e r  (Bibl.12, 13). 

Since i t  cannot p e r  se  be assumed t h a t  t h e r e  are no 

A s  i s  known, estimates of t h e  

The i n t e g r a t e d  s p h e r i c a l  albedo of t h e  noon was ca l cu la t ed  by means of t h e  

SiEce t h e  var ious areas o f  t h e  moon d i f f e r e d  l i t t l e  i n  co lo r ,  curves i n  Fig.!+. 

t h e  i n t e g r a t e d  albedo i s  proport ional  t o  t h e  monochromatic. 

areas it i s  0.116; f o r  t h e  maria, 0.058; and on t h e  average f o r  t h e  moon, 0.086. 

For t h e  b r i g h t e s t  

The phase i n t e g r a l  f o r  a l l  wavelengths was taken as q = 0.585 (Bibl.6). 

g ives  t h e  values  of t h e  i n t e g r a t e d  sphe r i ca l  albedo, ca l cu la t ed  sepa ra t e ly  f o r  

each of t h e  observed areas, and t h e  corresponding t h e o r e t i c a l  temperatures 

Table 3 

. .. 

where E i s  t h e  s o l a r  constant ;  CJ i s  the  Stefan-Boltzmam constant ;  Ai i s  t h e  

8 
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i n t e g r a t e d  albedo; c i s  t h e  emission coef f ic ien t  (average, taken as G = 0.85); 

8 i s  t h e  angle between t h e  normal t o  the sur face  and t h e  d i r e c t i o n  t o  t h e  sun. 

0.6 1.0 r 5 

Fig.6 Spectrum of Ganymede i n  t h e  0.7 - 2.5 P Region 
(Single  Recording) 

ZTE, October 3, 1963, p r i s m  spectrometer (LiF),  
s p e c t r a l  width of t h e * e f i t  s l i t  A x  = 0.18 CL (at  1.60p), 

recording speed 35 A/sec, 7 = 20 sec,  z = 50 - 52 

The l u n a r  temperature has  been repeatedly determined from t h e  average 

br ightness  of t h e  thermal r a d i a t i o n  i n  an 8 - 13 P window (Bibl.14, 15). For 

t h e  same purpose, we car! use t h e  brightness of t h e  thermal r a d i a t i o n  i n  a 

? - 4 p window. Here, r e f l e c t e d  radiat ion makes some cont r ibu t ion ,  but  i n  t h a t  

case t h e  br ightness  depends on t h e  temperature t o  a much g r e a t e r  extent  than i n  

t h e  8 - 13 P region, s i n c e  t h e  Wien segment of t he  energy d i s t r i b u t i o n  curve i s  

used. The br ightness  of t h e  t h e m 1  rad ia t ion  at a wavelength of 3.4 + can be 

obtained from our  measurements by means of t h e  formula 

. where PA,, i s  t h e  value of t h e  geometric albedo extrapolated from t h e  s h o r t e r  

wave p o r t i o n  of t h e  spectrum; pm i s  the geometric albedo a t  1.6 P; K k  

are t h e  values  of Kl f o r  t h e  moon and f o r  t he  sun. 

ar,d K l  

I n  t h e  region where thermal rad ia t ion  i s  absent ,  t h e  quant i ty  

represer , ts  t h e  geometric albedo. I n  the  region where t h e  thermal rad ia t ion  

9 
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Caucasus  
QYeias 
Mare 
S e r e n i t a t i s  
Mare Nubium 

reaches a not iceable  magnitude, we have 

0.27 
0.24 
0.20 

0.20 

pr' > pt 

Table 3 gives t h e  values of & and pa calculated f o r  h 7.4 p. 

The values of pa  vary from 0.20 t o  0.40, and those of p' from 0.94 t o  1.21. 

The t h i r d  column of Table 3 gives t h e  values of A,  = paq  which i s  t h e  extrapo- 

l a t e d  spher ica l  albedo. By means of the values of p' and P a ,  w e  calculated t h e  

br ightness  and t h e  br ightness  temperature TB from Planck's equation 

= B3.C 
- 

and t h e  t r u e  Tt ,  by t h e  formula 

We assumed t h a t  63.4 = 1 - A , .  

A comparison of 

0.23 
0.23 

0.23 
0.16 
0.14 
0.12 

0.12 

T t r  

?' 

- 

0.94 
0.95 

1.12 

1.21 

1.21 

1 .?6 
1.08 

and 

TABLE 3 

2.9.13" 
2 . 9 .  LO-' 

3.4.10-L 
5.3. IO-' 
4.5.10-' 
5.4.10-' 

5.4.10-L 

- 
coa7e - 
0.52 
o.sa 

0.90 
0.84 
0:68 a .93 

0 -88 

f 1292 

T t h a o r  r ead i ly  denonstrates  t h a t  t h e  values coin- 

c ide  with an accuracy up t o  1 - 1.5% i n  a l l  cases  when cos 8 > 0.84, toe. ,  when 

t h e  i n v e s t i g a t e d  a reas  a r e  s u f f i c i e n t l y  far  from t h e  edge o f  t h e  disk.  There 

a r e  f o u r  such areas. For t h e  o t h e r  three areas, we have cos 6 = 0.62 - 0.68; 

t h e i r  t h e o r e t i c a l  temperature i s  noticeably l e s s  than t h a t  observed. 

l y .  t h e  temperature decreases w i t h  approach t o  t h e  edge more slowly than Jcos U .  

Apparent- 

4- 

10 
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This agrees  q u a l i t a t i v e l y  w i t h  t h e  r e s u l t s  o f  radiometr ic  measurements i n  t h e  

8 - 13 c1 window (Bibl.13, 14). The absolute  value of t h e  sur face  temperature 

a t  a subsolar  po in t  according t o  t h e  data given i n  Table 3 should be  c lose  t o  

395'K. 

temperature of 395 % coincides exac t ly  with t h e  t h e o r e t i c a l .  

sen (Bibl.14) found 391'K f o r  t h e  subsolar  po in t ,  i .e.,  almost t h e  same; how- 

ever ,  Sinton (Bibl.15) gives a value lower  by 30'. 

The m c e r t a i n t y  of this value,  apparent ly ,  does not exceed 10'K. A 

P e t t i t  and Nichol- 

TABLE 4 

Io (I) 
Ganymede (111) 
C a l l i s t o  fIV) 
Europa (11) 
Moon 
Ganymede (111) 
Call i s t o  f IV) 
Io (I) 

0.18  1 35 0.18 35 
0 . i 8  i 35 
2.13 ~ 33 
3.18 I 35 
0 .03  70 
0.18 35 
3.09 , 70 

20 
20 
20 
20 
20 

20 
4 . 4  

4.4 

During t h e  f a l l  of 1967 and 1964, w e  used a prism spectrometer t o  record 

t h e  s p e c t r a  of t h e  Galilean s a t e l l i t e s  of J u p i t e r  i n  t h e  0.7 - 2.5 CL region.fl293 

The observat ions were c a r r i e d  ou t  w i t h  t h e  ZTE (125-cm r e f l e c t o r  of t h e  Shtern- 

berg S t a t e  Astronomical I n s t i t u t e )  and t h e  ZTSh (2.6 r e f l e c t o r  of t h e  Crimean 

Astrophysical  Observatory). 

de t ec to r ,  cooled w i t h  s o l i d  carbon dioxide. 

0.5 mm and t h a t  of  t h e  exit s l i t  2 mm, sonetimes 1 nun. A l i s t  of t h e  observa- 

t i o n a l  d a t a  and t h e  recording conditions i s  given i n  Table 4, while t h e  s i n g l e  

and averaged s p e c t r a l  recordings a r e  given i n  Figs.6 - 11. 

Figs.6 and '7 shows t h a t ,  on changing from t h e  zen i th  te lescope  ZTE t o  t h e  ZTSh, 

we were a b l e  t o  double t h e  reso lv ing  power and reduce by a f a c t o r  of  4 t h e  time 

We used a 0.5 X 0.5 mm l ead  s u l f i d e  photoconductive 

The width of t h e  entrance s l i t  w a s  

A comparison of 

11 



constant  a t  t h e  same signal-to-noise r a t io .  

about t o  t h a t  expected. 

The r e s u l t a n t  ga in  correspoEded 

Fig.? Spectrum of Ganymede i n  t h e  0.7 - 2.5 CL Region 
(S ingle  Recording) 

ZTSh, October 15, 1964, prism spectrometer (LiF) ,  
A = 0.09 t . ~  ( a t  1.6 ch), recording speed 70 A/sec, 

T = 4.4 sec, z = 28' 

Fig.8 

The s o l a r  spectrum i s  given as a broken 

Io ,  Average o f  Four Recordings on 
October 15,  1964 (ZTSh) 

l i n e  f o r  comparison* 

Figure  12 shows t h e  dependence of t h e  geometric albedo of  t h e  Galilean 

s a t e l l i t e s  o r  wavelength. I n  t h e  0.35 - 0.8 t . ~  region, w e  used Harris' data ,  and 

. i n  t h e  0.8 - 2.5 ch region we 

t h e  r a t i o  of t h e  readings i n  

3; There i s  no broken l i n e  i n  

used t h e  s p e c t r a  shown i n  Figs.6 - 11. 

t h e  spectra  of  t h e  s a t e l l i t e s  and sun, which were 

Fig.8. 

We derived 

Poss ib le  confusion wi th  Fig.9 ( t r a n s l a t o r ) .  

12 



then  ca l ib ra t ed  so  t h a t  near  1 h they  f i t t e d  i n t o  t h e  curve px which i s  known 

f o r  t h e  shorter-wave region. I n  Fig.12 w e  p lo t t ed ,  i n  add i t ion  t o  t h e  va lues  

of px, t h e  values  of t h e  sphe r i ca l  albedo A x  on t h e  a x i s  of ordinates .  For a l l  

wavelengths, we used t h e  phase i n t e g r a l  q = 0.585 taken by Harris (Bibl.6) f o r  

t h e  moon. Since t h e  i n t e g r a l  may d i f f e r  apprec iab ly  from t h i s  value and vary  

Fig.9 Europa, Average of Four hecordings 
on October 1, 1964 (ZTE) 

The zero-point depends on wavelength as a 
consequence of  weak extraneous exposure 

Fig.10 Ganymede, Average of Four Recordings 
on October 15,  1964 (ZTSh) 

- wi th  wavelength, t h e  ca l cu la t ed  values of sphe r i ca l  albedo and even t h e i r  re la -  

t i v e  va lues  a r e  not r e l i a b l e .  The values of t h e  geometric albedo a r e  more re- 

l i a b l e ,  at least t h e i r  r a t i o s  a t  var ious wavelengths, s i n c e  t h e  phase angle  i s  

c l o s e  t o  zero. The abso lu te  values of px can be d i s t o r t e d  by e r r o r s  i n  de- 

t e m i n i n g  t.he rlim.et.er. 

It i s  apparent from a comparison o f  Figs.12 and 4 t h a t  t h e  s p e c t r a l  proper- 

t i e s  of t h e  su r face  of t h e  Galilean s a t e l l i t e s  and of t h e  moon d i f f e r  substan- 

13 



t i a l l y .  I n  t h e  0.35 - 0.8 P region, a l l  Gal i lean sa te l l i t es  show, j u s t  as 11294 

t h e  moon, an  inc rease  i n  r e f l ec t ance  with wavelength. However, i n  t h e  1 - 2.5 P 

region t h e  r e f l ec t ance  of  t h e  Gal i lean sa te l l i t es  e i t h e r  remains almost constant 

Fig.11 

A P  n 

C a l l i s t o ,  Average of Three Recordings 
on October 1 5 ,  1964 (ZTSh) 

A P  

Fig.12 Albedo of  t h e  S a t e l l i t e s  of J u p i t e r  as a 
Function o f  Wavelength 

( I o  and C a l l i s t o )  o r  not iceably diminishes with wavelength (Europa and Gany- 

mede). The albedo of t h e  moon i n  t h e  1 - 2.5 P region, as we saw above, con- 

t i n u e s  t o  i n c r e a s e  with wavelength. 



Qual i ta t ive ly ,  t h e  dependence o f  albedo on wavelength i n  t h e  case of  Cal- 

- r, (1) 
Europa (11) 
Ganymede ( i l l )  
Callisto (IV) 

l i s t o ,  and espec ia l ly  i n  t h e  case o f  I o ,  i s  similar t o  t h e  curve of t h e  mono- 

$$?d'. 
3 ,&- 1 
1 .? 
1.5 

155 

chromatic albedo of Mars, whereas t h e  spectrum of Europa and Ganymede resembles 

t h e  spectrum of t h e  p o l a r  caps of Mars (Bibl.16) and t h e  r i n g s  of Saturn 

(Bibl.17). T h i s  l eads  t o  t h e  l o g i c a l  assumption t h a t  t h e  sur face  of both Europa 

and Ganymede i s  covered with i c e  - i f  not a l l ,  a t  l e a s t  an appreciable por t ion  

of  it. Figure 13 shows t h e  time required f o r  evaporation of 1 gm/cm' of i c e  i n  

TABLE 5 

I I I Theoretical  Temperature, 'I< 

I I I I I 

- I  

-:- I i I I I 1  I - - ' *  

vacuum, as a funct ion of temperature. 

of  s e v e r a l  kilometers thickness  w i l l  evaporate i n  l o7  years.  

cover of considerable o r i g i n a l  thickxess w i l l  no t  evaporate during t h e  l i f e t i m e  

of t h e  s o l a r  system, t h e  temperature must not exceed 130'K. 

t o  check t h e  agreement between this value and t h e  t h e o r e t i c a l  and measured 

(Bibl.18) temperatures of t h e  Galilean s a t e l l i t e s .  

i n  Table 5. 

c u l a t e d  by means of t h e  curves i n  F ig , l2 ,  T o  i s  t h e  e f f e c t i v e  temperature calcu- 

l a t e d  from t h e  condition of  thermal equilibrium, and T, i s  t h e  sur face  tempera- 

t u r e  ca lcu la ted  on t h e  assumption t h a t  L = 0.85. I n  c a l c u l a t i n g  t h e  theo- 11295 

r e t i c a l  temperatures, thermal conductivity was assumed t o  be negl igible .  

A t  a temperature of 125%, a layer of  i c e  

So t h a t  an  i c e  

It i s  i n t e r e s t i n g  

- These temperatures a r e  given 

I n  t h i s  Table, A i  denotes t h e  values of t h e  i n t e g r a t e d  albedo cal- 

The measured temperature T, o f  Ganymede and C a l l i s t o  r o t i c e a b l y  exceeds To.  

1 5  



. . 

For T ,  and T ,  t o  agree,  it i s  necessary t o  almost double t h e  diameters o f  t h e  

sa te l l i t es ,  which would l e a d  t o  impossibly small values  of t h e  dens i ty  (see t h e  

last c o l m  of Table 5). 

are  t o o  high f o r  prolonged conservation o f  an i c e  cover i n  a vacuum. 

presence of an atmosphere, however, t h i s  object ion i s  no longer  val id .  Thus, 

by assuming t h e  presence of an i c e  cover on t h e  surface of  Europa and Ganymede, 

Furthermore, t h e  t h e o r e t i c a l  temperatures themselves 

I n  t h e  

we must simultaneously assume t h e  exis tence of  an atmosphere f o r  t h e s e  satel- 

l i t e s .  I n  addi t ion,  t h e  d i f f e rence  between t h e  measured and t h e  t h e o r e t i c a l  

temperature can be explained, gerierally speaking, by an  atmosphere. The l a r g e  

absolu te  albedo values a t t e s t  t o  t h e  eldstence of an atmosphere on Io and Europa. 

Fig.13 Time Fjequired f o r  Evaporation 
of 1 gm/em" of I c e  as a Function 

of Temperature 

The v a r i a t i o n s  i n  t h e  br ightness  of I o ,  a f t e r  l eav ing  t h e  shadow of J u p i t e r ,  

car. be i n t e r p r e t e d  as t h e  e f f e c t  of a change i n  albedo produced by t h e  deposi- 

t i o n  o f  h o a r f r o s t  during darkening and i ts  subsequect sublimation (Bibl.19). 

It i s  not  precluded t h a t  t h e  depressions i n  t h e  spec t r a  o f  Europa and 

Ganymede can be a t t r i b u t e d  t o  some kind of atmospheric absorption; however, w e  

cannot g i v e  a s p e c i f i c  i d e n t i f i c a t i o n .  I n  any case,  CHI and N H 3  cannot be re- 

spons ib le  f o r  t h e s e  depressions.  
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